Flexible devices produced using organic materials have attracted the attention of many researchers. Important components of these flexible devices include transparent electrodes, which transmit visible light and possess conductivity. The present study improved the characteristics of a transparent conductive film that was made of poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), an organic conductive material, and that had been prepared using ink-jet printing. To improve the resistance value and visible light transmittance of the film, the film substrate was first cleaned with ultraviolet/ozone treatment, and then the film was annealed after it was deposited on the substrate and dipped into a polar solvent. Consequently, the resistance value of the thin film decreased. However, the surface state of the film changed according to the treatment method and affected its visible light transmittance. Thus, the surface state of the film substrate, the annealing temperature after film deposition, and the dipping treatment with a polar solvent influenced the characteristics of a thin film.
Introduction
Flexible devices produced using organic materials have recently become a major focus of research interest [1] - [5] . Organic electroluminescence displays, organic thin-film solar cells, and organic transistors have been actively studied. In these electronic devices, transparent electrodes, which transmit visible light and possess conductivity, are important components [6] [7] . At present, an indium tin oxide (ITO) thin film is often used as a material for a transparent conductive film. However, because an ITO thin film contains indium, a rare metal, depletion and insufficient supply of the resource have been concerns. Moreover, because an ITO thin film shows fragility to bending stress and because it is produced using the sputtering method, which requires high-temperature vacuum treatment, an ITO thin film cannot be used for developing flexible devices; instead, various materials, such as organic materials, metallic nanoparticles, and carbon nanotubes (CNT), have been studied [8] - [13] . In particular, organic materials are noteworthy because a film can be formed using a low-temperature process, and cheap devices can be manufactured by printing and coating [14] [15] .
Device manufacturing technology using printing techniques is called printed electronics, and this is used for a wide range of product lines, including interconnection fabrication [16] - [18] . As the study of printed electronics advances, certain types of electronics equipment are expected to be produced using only this method [19] [20] . The advantages of printed electronics include minimized manufacturing costs, reduced environmental loads, and expansion of the area of a device.
If a practicable transparent conductive film can be produced using a simple and cheap method, such as a printing method, not only electrodes but also electronic apparatuses can be manufactured at low cost. However, to use printing technologies, a material must be prepared in the form of ink, and the prepared ink must be optimized. Moreover, the performance of an organic transparent conductive film must be improved; otherwise the film cannot be practically used.
In the present study, we focused on poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), an organic conductive material, as a substitute for ITO. We formed a film on a plastic film substrate using a commercially available ink-jet printer. Thus, a cheap and flexible transparent conductive film could be produced. In previous studies, we optimized ink by changing the types of additives and their mixing ratios and evaluated the conductivity and transparency of the obtained thin film. In the present study, to improve the characteristics of the thin film, the film substrate was cleaned with ultraviolet/ozone (UV/O 3 ); the film was annealed after it was deposited on the substance; and the film was then dipped into a polar solvent. Subsequently, the effects of these treatments were examined.
Experimental

Preparation of Ink Materials for a Transparent Conductive Film
In the present study, CLEVIOS (Clevios™ PH500) was used as PEDOT:PSS. Figure 1 shows the molecular structure of the PEDOT:PSS. The ratio of PEDOT to PSS was 1 to 2.5, the boiling point of the PEDOT:PSS was approximately 100˚C, the viscosity was below 25 m Pa-s, and the particle size was below 50 nm. Because the nozzle diameter of a commercially available ink-jet printer is between several micrometers and tens of micrometers, the PEDOT:PSS could be used for the ink-jet method. However, because the viscosity of ink for an ink-jet printer is 5 -15 m Pa-s, it was important to reduce the viscosity of the PEDOT:PSS ink. We therefore Ethanol is a volatile liquid with a boiling point of 78˚C and a viscosity of 1.078 m Pa-s. We added ethylene glycol to improve the conductivity of the PEDOT:PSS thin film. Ethylene glycol is a liquid with a boiling point of 198˚C and a viscosity of 16.1 m Pa-s. The improvement in the conductivity by adding ethylene glycol is considered to be due to secondary doping and coupling of conductive regions [21] . Adding ethylene glycol reportedly removes insulative PSS and forms a conductive region consisting of conductive PEDOT [22] . We adopted the ink composition of PEDOT:PSS:ethanol:ethylene glycol = 70:20:10 wt%, which exhibited the lowest resistance in previous studies [23] .
Preparation and Evaluation of a Thin Film
To produce a PEDOT:PSS thin film, a piezo-type, pigment-based, ink-jet printer (PX-101; Seiko Epson CO.) was used, and, a heat-resistant transparent film (TeonexQ65-FA; Teijin DuPont Films Co, Ltd.) was used as a substrate. Q65-FA is a biaxially-oriented polypropylene naphthalate film possessing excellent thermal stability, chemical resistance, and transparency. The size of the film substrate is 30 × 10 mm. The surface of the film substrate was cleaned using a UV/O 3 cleaning and modifying apparatus (ASM401N; AsumiGiken, Ltd). The cleaning time was 20 min, and the UV radiation distance was 30 mm. The output of a low-pressure mercury lamp was 40 W. An additive was added to improve the viscosity and surface tension of the ink. However, the additive remained in the thin film as impurities after it was formed, and as a consequence of this residual additive, the resistance value of the thin film was considered to increase. In the drying process, if a thin film is annealed to evaporate the residual additive, the resistance value is expected to decrease. For drying, a constant-temperature drying oven (EOP-300B; As One Co, Ltd.) was used. The temperature was set at 80˚C, 100˚C, or 150˚C, which is higher than the boiling point of ethanol. The thin film was dried for 5 min after each printing.
Drying a PEDOT:PSS thin film again after dipping it in a polar solvent reportedly facilitates the arrangement of PEDOT molecules, thereby improving the conductivity of the PEDOT:PSS thin film [24] . A polar solvent is a liquid consisting of polar molecules; these are molecules in which the center of gravity of a positive electric charge disagrees with that of a negative electric charge. In a polar molecule, an electric dipole exists spontaneously and permanently. The size of a crystal in which PEDOT molecules are arranged reportedly increases as the polarity of a polar molecule becomes stronger; consequently, the electric conductivity of a PEDOT:PSS thin film improves [24] . We used ethylene glycol as the polar solvent, and the PEDOT:PSS thin film was dried at 100˚C for 60 min after dipping it in ethylene glycol.
We used a digital multi-meter (VOAC7521H; Iwatsu Electric Co, Ltd.) to evaluate the conductivity of the obtained thin film and a spectrophotometer (U-3900; Hitachi High-Technologies Co) to evaluate transparency. We used a microscope (VHX-1000; Keyence Co, Ltd.) to observe the surface.
Results and Discussion
Differences in Resistance Value and Transmittance According to the Number of Printing Times
When producing a transparent conductive film using the ink-jet method, the resistance value of the film is extremely high when the printing is not performed several times. In the present study, the printing was performed several times in order to reduce the resistance value of the film. Figure 2 shows the changes in the resistance value and visible light transmittance according to the number of printing times. Printing up twice had a very high resistance value and the variation of the measured values was large. The resistance value of the thin film decreased as the number of printing times increased. The reason for this is probably that the printing patterns became dense and the contact area between PEDOT:PSS particles increased. However, visible light transmittance of the thin film decreased as the number of printing times increased. Because PEDOT:PSS is a dark blue liquid, the color remained in the obtained thin film. Visible light transmittance above 80%, which is required for a transparent conductive film, could not be attained in printing six times or more. Therefore, the effect of the remaining color became more significant as the number of printing times increased. Multiple printing times is therefore effective in reducing the resistance value but has limitations when transparency is considered. The present study focused on thin films being printed three to five times while considering the resistance value and visible light transmittance.
Improvement in the Substrate Surface by UV/O3 Cleaning
To examine the effect of the substrate surface on the characteristics of a thin film, the substrate surface was cleaned with UV/O 3 . Figure 3 shows a microscope image of the surface of a PEDOT:PSS thin film. As a result of UV/O 3 cleaning of the substrate surface, ink could be smoothly spread and the homogeneity of the thin film increased. Figure 4 shows the changes in the resistance value due to UV/O 3 cleaning and the number of printing times. A. Nitta, K. Shimono
As shown in this figure, the resistance value decreased when UV/O 3 cleaning was performed, possibly because UV cleaning and surface modification decreased the amount of impurities and increased the adhesion of a droplet. The change in the resistance value according to the number of printing times was smaller with UV/O 3 cleaning than without. The homogeneity of the thin film probably contributed to the smaller change in the resistance value. The homogeneity of the film increases the contact area between the PEDOT:PSS particles. Therefore, it is considered that the change in the resistance value with printing time become smaller. Figure 5 shows the changes in visible light transmittance due to UV/O 3 cleaning and the number of printing times. Visible light transmittance decreased when UV/O 3 cleaning was performed. We assumed that when UV/O 3 cleaning was not performed on the substrate surface, ink could not be smoothly spread and gaps through which visible light passed were generated. By performing UV/O 3 cleaning, ink could be smoothly spread and a homogeneous thin film without gaps was formed; consequently, the transmittance decreased. However, the effect of UV/O 3 cleaning on the decrease in visible light transmittance was less than that of the number of printing times.
As mentioned above, by improving the state of the substrate surface, the number of printing times could be reduced while maintaining similar conductivity, and the decrease in transparency due to multiple times of printing could be inhibited. Figure 6 shows the change in the surface state of the thin film due to the annealing temperature. The surface state of the thin film became more heterogeneous as the annealing temperature increased. In the drying process, PEDOT:PSS particles can move and aggregate, resulting in an uneven surface. The evaporation rate of ethanol increased as the annealing temperature increased; consequently, this phenomenon was accelerated. The abovementioned aggregation might be the reason for the decreased visible light transmittance following the increased annealing temperature. It was presumed that 1) UV/O 3 cleaning of the substrate surface caused droplets to be evenly spread; 2) the aggregation of PEDOT:PSS particles occurred on the film surface with annealing; and 3) visible light was scattered and visible light transmittance decreased. Figure 7 shows the change in the resistance value due to the annealing temperature and the number of printing times. The resistance value was lowest at an annealing temperature of 100˚C with any number of printing times. Since the annealing temperature of 80˚C was close to the boiling point of ethanol, there was a possibility that the additive did not evaporate completely and some remained in the thin film. The decrease in the resistance value was the least and its dispersion during measurement was the greatest when the annealing temperature was 150˚C. Because the boiling point of PEDOT:PSS is approximately 100˚C, a certain potion of PEDOT:PSS might have evaporated. Figure 8 shows the change in visible light transmittance due to the annealing temperature and the number of printing times. Visible light transmittance was the highest (81%) in a thin film with air drying and three printing times. Visible light transmittance decreased as the annealing temperature increased; however, the effect of annealing temperature on the decrease in visible light transmittance was less than that of the number of printing times. Although annealing after film deposition resulted in a decrease in visible light transmittance, the annealing was indispensable when the resistance value was taken into account. Since the effect of the number of printing times on the decrease in visible light transmittance was greater than that of the annealing temperature, reducing the number of printing times as much as possible while reducing the resistance value by annealing is essential. Figure 9 shows the change in the resistance value due to the dipping treatment and the number of printing times. The resistance value decreased when dipping treatment was performed. In particular, the dipping treatment had a large effect on a thin film formed by three printing times. With thin films formed by four and five printing times, the large amount of ink adhering to the thin film and the contact among PEDOT particles resulted in the dipping treatment having a small effect. There is a possibility that the dipping treatment with the polar solvent can reduce the number of printing times; consequently, a decrease in visible light transmittance due to multiple printing times can be inhibited. Figure 10 shows the change in visible light transmittance due to the dipping treatment and the number of printing times. Figure 11 shows the change in the surface state of the thin film due to the dipping treatment. Visible light transmittance improved from the dipping treatment. Visible light transmittances of the thin films formed by three and four printing times were 83.3% and 82.0%, respectively. Therefore, visible light transmittance above 80%, which is required for a transparent conductive film, could be attained.
Removal of Additive by Annealing
Dipping Treatment Using the Polar Solvent
Aggregation of PEDOT:PSS particles due to the annealing heterogeneously occurred. However, with dipping treatment, the aggregation state became homogeneous. Because droplet sizes became similar to each other and the thin film surface became smooth with the dipping treatment, visible light transmittance increased. Thus, the dipping treatment after film deposition was revealed to be important to reconcile conductivity with transparency. 
Conclusions
The present study's focus was to improve the characteristics of a PEDOT:PSS transparent conductive film, which was produced using an ink-jet printer. We printed several times in order to reduce the resistance value; consequently, the transparency worsened. UV/O 3 cleaning of the surface of the film substrate resulted in a homogeneous thin film and a decrease in the resistance value. The resistance value decreased significantly when the number of printing times decreased. Therefore, the number of printing times can be reduced while maintaining the conductivity. In contrast, visible light transmittances decreased by UV/O 3 cleaning of the surface of the film substrate, probably because the ink could be spread smoothly and a homogeneous thin film without gaps could be formed. Consequently, visible light transmittances decreased.
The resistance value decreased by heating a thin film after it was formed. This is probably because the additive in the thin film evaporated and the amount of impurities decreased. However, droplets heterogeneously aggregated on the thin film surface. In the drying process, PEDOT:PSS particles might move and aggregate with each other, resulting in an uneven surface. The evaporation rate of ethanol increased as the annealing temperature increased; consequently, this phenomenon was accelerated, resulting in the scattering of visible light and the decrease in visible light transmittance.
The dipping treatment with the polar solvent caused the resistance value to decrease and visible light transmittance to improve. The dipping treatment had a large effect on the decrease in the resistance value of a thin film formed by three printing times. Reducing the number of printing times while maintaining similar conductivity is possible. The dipping treatment resulted in droplet sizes becoming similar to each other and a decrease in the amount of scattering light; consequently, visible light transmittance increased.
The present study revealed that the surface state of a film substrate, the annealing temperature after film deposition, and the dipping treatment using a polar solvent were related to the resistance value, surface state, and visible light transmittance of a thin film.
